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Ballistic gelatinThe mechanical response of a thermoplastic elastomer synthetic ballistic gel is studied over a range of
strain-rates. Experiments were conducted at room temperature under uniaxial stress compression at
rates ranging from 0.001 to 500/s. Low-rate experiments (<1/s) were conducted with a servo-hydraulic
load frame. High-rate experiments (>100/s) were conducted with a polymeric Kolsky bar, along with sev-
eral modiﬁcations to improve data quality. These modiﬁcations include the use of a commercial force
transducer, a normal displacement interferometer, and a line laser extensometer. Because of the low
shear strength and comparatively high compressibility of these materials, inertial effects are very pro-
nounced. Specimen size is varied in an effort to study inertial effects at various loading rates. High speed
photography is also used to demonstrate the presence of non-uniform deformation, due to both inertia
and friction between the specimen and the loading surfaces. Finally, numerical simulation is used to ver-
ify trends observed in the experiments and further validate the data. It is concluded that this material is
rate sensitive, with an almost three-fold increase in stiffness over the range of strain-rates studied.
Published by Elsevier Ltd.1. Introduction Numerical modeling of gel-penetrator impacts can be used toGelatin is often used as a surrogate for soft tissue to study bal-
listic impact (Fackler, 1987; Nicolas and Welsch, 1985). Although
far from a perfect match, it provides a consistent, convenient target
medium and avoids numerous problems associated with actual
tissues. Most ‘‘ballistic gelatins’’ are true gelatins made from
hydrolyzed animal collagen, typically derived from bovine/porcine
bone, skin, and connective tissue. It is generally supplied as a
powder and is mixed in different ratios with water (10% and 20%
gelatin by weight are typical) to provide some control over its
properties.
There are several drawbacks to ballistic gel, including short
shelf life (several weeks maximum), cold temperature storage
requirements (45 F), and poor transparency. For these reasons,
there is an increasing use of synthetic gels made from ThermoPlas-
tic Elastomers (TPE) (Lenhart et al., 2007; Mrozek et al., 2010).
These materials are mineral oil based, highly transparent, and sta-
ble. In addition, provided the target is not contaminated with deb-
ris during testing, it is reusable by melting and re-molding in a
straightforward fashion.help interpret ballistic results, and consequently the high strain-
rate mechanical behavior of TPE gels must be understood. This is
the subject of the present paper. High strain-rate (500–10,000/s)
mechanical testing is typically performed with the Kolsky Bar, or
Split Hopkinson Pressure Bar (Kolsky, 1949; Gray, 2000; Lindholm,
1964). However, Kolsky bar experiments with gel present an unu-
sual set of challenges. The relationship between stress and strain
within a specimen deformed with a Kolsky bar is typically deter-
mined using nominal stress and strain measurements, i.e., mea-
surements made over the volume of the specimen. For this to be
valid, the specimen must deform uniformly, be free from inertial
effects, and be in a state of quasistatic equilibrium. Numerous
researchers have discussed this, and in some cases proposed guide-
lines for conducting valid experiments and/or offered corrections
to improve otherwise invalid data (Davies and Hunter, 1963;
Gorham et al., 1984; Malinowski and Klepaczko, 1986; Gorham,
1989; Gorham, 1991; Wu and Gorham, 1997; Klepaczko and Mal-
inowski, 1977; Samanta, 1971). For many materials, such as met-
als, valid test conditions are easy to meet. They are, however,
more problematic with materials whose resistance to shear is
weak relative to their compressibility, and gel is a prime example.
This makes it difﬁcult to obtain valid high strain-rate data for gel.
A number of researchers have attempted to address these issues
and conduct high rate compression experiments on both gelatins
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2010; Moy et al., 2006) and biological tissues (Chen et al., 2007).
For example, Salisbury and Cronin (2009) and Kwon and Subhash
(2010) performed experiments on ballistic gelatin at strain rates
as high as 3–4000/s using Kolsky bar methods. Song et al. (2007)
also used a Kolsky bar but used ring shaped specimens to mitigate
spurious spikes in their measured stress–strain curves which were
attributed to specimen inertia. Moy et al. (2006) used a similar ap-
proach on a Physically Associating Gel (PAG). In contrast, Trexlar
et al. (2011) used a Kolsky bar method modiﬁed to a lap-shear con-
ﬁguration with thin samples, in part to eliminate some of the dif-
ﬁculties associated with compression experiments.
Most approaches with compression attempt to eliminate spec-
imen inertial effects by decreasing the axial dimension, i.e., the
specimen thickness. However, by necessity, specimen diameter is
not always reduced accordingly. With current testing capabilities,
it is difﬁcult to measure the low axial stresses generated by gels
during high rate compression, and this situation is only made
worse if the specimen diameter, and therefore area, is decreased.
The resulting small aspect ratio samples (length/diameter or L/D)
are more susceptible to radial inertial conﬁnement. This is well
known, and has been discussed more speciﬁcally as it pertains to
this category of materials by Scheidler et al. (2011) and Warren
and Forrestal (2009). They have also shown that it is possible to
have a low aspect ratio sample in equilibrium, as determined by
the measurement of force applied to each end of the sample, and
still have signiﬁcant radial conﬁnement. To make matters worse,
conﬁnement due to friction between the deforming sample and
the loading surfaces becomes more signiﬁcant as aspect ratio de-
creases. This is also well known, and has been recently investigated
numerically for the case of biological tissues under uniaxial stress
compression by Wu et al. (2004).
Our approach to conduct valid high-rate compression experi-
ments is comprised of both experimental and numerical compo-
nents. The ﬁrst is to vary specimen size at ﬁxed strain-rates to
demonstrate the presence or absence of inertial effects. The funda-
mental concept is that, all other things being equal, a smaller spec-
imen equilibrates faster, contains lower inertial stresses, and
deforms more uniformly than a larger one. All experiments were
performed with cylindrical samples with an aspect ratio of one,
i.e., specimen diameter is decreased accordingly with length to
minimize both axial and radial inertial effects as the rates are in-
creased. Several test methodologies are used to accommodate the
various specimen sizes. Although it is possible to use our experi-
mental approach to demonstrate the presence of invalid results,
it is not possible to show deﬁnitively that they are valid. For this
reason, the experimental work is supplemented with ﬁnite ele-
ment simulations of the dynamic compression experiments to ver-
ify the experimental ﬁndings.ig. 1. The effect of specimen size for L/D = 1 at 0.01/s; three repeated experiments
ith three different sizes.2. Material
The TPE gel studied here is composed of a triblock copolymer
poly(styrene-b-ethylene-co-butylene-b-styrene) (SEBS) where the
styrene content is 33% (Kraton Polymers, Houston, TX). It is swol-
len with mineral oil, a mid-block selective solvent. The mineral
oil and SEBS were measured at a ratio of 20% polymer to 80% sol-
vent by volume. The mixture was heated to 150 C for 2 h while
mixing occasionally to produce a uniform melt. After 2 h the melt
was lowered to 120 C and degassed under vacuum to remove bub-
bles produced during mixing. Samples were obtained by forcing
the degassed melt into cylindrical molds at 120 C followed by a
gradual cooling to produce the solid gel. These were then razor
cut to length using ﬁxtures to maintain ﬂat and parallel surfaces.
The density of the material is 860 kg/m3.3. Experiments
3.1. Servo-hydraulic load frame
Low strain-rate compression tests, 0.001–0.1/s, were conducted
using a servohydraulic universal testing machine. Load was mea-
sured with a Honeywell Sensotec Model 34 load cell and specimen
compression was measured with an LVDT measurement of cross-
head displacement. Specimens were compressed between polished
steel platens lubricated with silicone oil to minimize conﬁnement
due to friction. All experiments (including the high rate experi-
ments described next) were performed between 21 and 23 C.
Unloading paths were not studied in any of these experiments,
although it was noted that specimens largely returned to their ori-
ginal dimensions after testing.
The primary objective of these experiments is to determine the
low-rate, room temperature behavior. However, these experiments
were also used to conﬁrm the absence of errors due to specimen
geometry. Because of the low strain-rates, it is assumed that all
of these experiments are free from inertial error. Thus it is possible
to investigate size effects without the additional complication of
inertia. These can be due to poor specimen homogeneity or quality,
especially with the smaller sizes. Fig. 1 shows one such compari-
son: 3 different specimen sizes, all with an aspect ratio of one, at
a strain-rate of 0.01/s. The sizes (e.g., diameters) are nominally
6.35, 4.76, and 3.18 mm. Three experiments were conducted with
each size and each produces essentially the same response, consid-
ering the scatter between tests. An additional specimen size,
L = D = 1.59 mm, was used in some of the high rate experiments,
but could not be tested at the low rates because the load cell
was not sensitive enough to measure the specimen stress.
In all, 21 experiments were performed with various sized spec-
imens at rates of 0.001, 0.01, and 0.1/s, all of which were deter-
mined to be valid. A subset of this data is shown in Fig. 2 (3
experiments at each rate). The strain-rate hardening effect is clear.
Fig. 3 shows stress measured at 20% strain as a function of strain-
rate for all 21 experiments, where again the rate effect is apparent.3.2. Polymeric Kolsky bar
Polymeric Kolsky bars were initially developed for testing
low-impedance materials, and were a natural choice for initialF
w
Fig. 2. Stress-strain curves over a range of strain-rates.
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better matches the impedance of a soft sample, and can lead to
higher ﬁdelity data over that generated with a more common steel
or aluminum bar. The primary disadvantage of polymer bars is that
they can be signiﬁcantly viscoelastic. However, treatments for vis-
coelastic wave propagation have been developed (e.g., Bacon,
1998) and are effective.
Our facility is shown in Fig. 4. Both bars and the projectile are
made from polycarbonate. The incident bar and projectile were
9.51 mm in diameter, 1100 and 200 mm in length, respectively.
Two 1100 mm long transmitter bars were used, with 9.51 and
6.35 mm diameters, the smaller being used with smaller diameter
specimens to increase sensitivity. The bars are supported periodi-
cally with brass or PTFE bushings along their lengths. The incident
bar was instrumented with standard electrical resistance strain-
gages (Micro-Measurements WK-06-250BF-10C) and the transmit-
ter bars with semi-conductor strain gages (Kyowa KSP-1-350-E4).
Semi-conductor gages were used for their increased sensitivity to
measure the low forces exerted by the specimens. The standard
analysis is applied to determine the stress,1 rs, and strain, es, in
the specimen:
F1 ¼ Aiðei þ erÞqc20 ð1Þ
F2 ¼ Atetqc20 ð2Þ
v1 ¼ c0ðei  erÞ ð3Þ
v2 ¼ etc0 ð4Þ
rs ¼ F1As ¼
F2
As
ð5Þ
_es ¼ v1  v2Ls ð6Þ
In these equations, c0 is the zero-frequency ‘‘bar wave’’ speed in
the polycarbonate, q its density, and Ai and At the cross-sectional
areas of the incident and transmitter bars. As and Ls are the initial
cross-sectional area and length of the specimen. ei, er, and et are
the measured incident, reﬂected, and transmitted pulses, positive
in compression, after correcting for viscoelastic wave propagation
and dispersion using the method of Bacon (1998). F1 and F2 are1 Unless otherwise noted, all references to stress and strain refer to engineering
quantities, positive in compression.the forces applied to the specimen by the incident and transmitter
bars, and v1 and v2 are the velocities of the ends of the specimen in
contact with the bars.
If a specimen is in equilibrium, the forces F1 and F2 are equal
and therefore the two force measurements are redundant (Eq. (5)
assumes equilibrium). Conversely, independent measurements of
F1 and F2 can be used as a check on equilibrium. Unfortunately,
the TPE gel samples tested here are soft even compared to the
polycarbonate incident bar. This results in a tensile reﬂected pulse
whose magnitude is similar to that of the incident pulse. When the
two are combined to determine F1 in Eq. (1) the force is small in
comparison to the measurement noise and the measurement is
inaccurate. This is a well-known problem. In some experiments,
a 9.51 mm diameter, 0.254 mm thick x-cut quartz crystal was in-
stalled at the end of the incident bar to measure F1 directly, as done
by Chen et al. (2000). However, it was found that inertial errors in
the gage assembly dominated the gage response. This was true
even after using the correction methods of Casem et al. (2005),
and this measurement was discontinued. For these reasons, no reli-
able measurement of F1 is available.
This facility was used to load gel specimens at nominal strain-
rates of 1000/s. Incident pulse durations were approximately
470 ls so that specimens could be compressed to almost 50% total
strain at the target rate (projectile speed is varied accordingly with
specimen length to achieve 1000/s). As discussed below, these
experiments were determined to be invalid, based on both the
non-uniformity of deformation and the measured stress–strain
curves. However, they are useful because they clearly demonstrate
the presence of inertial effects and associated phenomena that re-
sults during high rate compression.
Because no measurement of F1 is available, an alternate ap-
proach to ascertaining test validity must be taken. This is achieved
by comparing stress–strain curves obtained from different sized
specimens loaded at the same strain-rate. Fig. 5 shows a collection
of stress–strain curves at strain-rates of 1000/s with three differ-
ent specimen sizes. If these experiments were valid, all of the
stress–strain curves would be in close agreement. Clearly they are
not, and again the expectation is that the larger specimens
(L = D = 6.35 mm) contain the larger error. In some cases, high
speed photographs were taken of the deformation process using a
DRS Hadland Imacon 200 high speed digital camera. These are
shown in Figs. 6–8 for each specimen size (6.35, 4.76, and
3.18 mm, respectively). Clearly, deformation uniformity decreases
as specimen size increases, with the tendency of the deformation
to accumulate at the loading bar until if ﬁnally ‘‘catches up’’ at
the transmitter bar in an obvious way. In the case of the smallest
specimen, this is not as apparent as the specimen deformation is
more uniform. Whereas observations such as these do not deﬁni-
tively mean that an experiment is invalid, it does demonstrate the
effect that the smaller specimens are less affected by inertia. Barrel-
ing due to friction is also obvious, especially at the higher strains.
In our approach, it is possible to infer that the data from the two
larger samples is invalid simply because they clearly do not agree
with the data from the smaller sample. The validity of the data
from the smallest sample, however, cannot be clearly established.
The obvious next step is to further decrease specimen size, again
performing an experiment at this strain-rate. However, it was no-
ticed that friction between the bars and support bushings, gener-
ally assumed to be negligible, had a noticeable effect on the
measured stress–strain curves for the smallest sample size and
could not be reduced to acceptable levels.2 For this reason, no fur-
ther experiments were performed with this Kolsky bar.2 Testing multiple small samples simultaneously, to increase the transmitted pulse
in relation to the resistance caused by bushing friction, was attempted but did not
resolve the problem.
Fig. 3. Stress at 20% strain for TPE gel over a range of strain-rates. Data at the low-rates (<1/s) were performed with a screw-driven load-frame and data at the high-rates with
the Kolsky bar methods.
transmitter barincident barprojectile 
specimen
F1 F2
v1 v2
Fig. 4. A polymeric Kolsky bar was used to conduct experiments at strain-rates of
1000/s (not to scale).
3.18 mm 
4.76 mm 6.35 mm 
Fig. 5. Experiments at 1000/s using a polycarbonate Kolsky Bar – note the lack of
agreement between stress-strain curves measured from different sized specimens.
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Because of the aforementioned difﬁculty with bushing friction,
the transmitter bar in Fig. 4 was replaced with a PCB Piezotronics
Model 208C01 Dynamic Force Sensor as shown in Fig. 9.3 This is
essentially a high speed quartz crystal load cell with a frequency
response of 36 kHz and a range of 44 N. The incident bar was3 The curved ‘‘impact surface’’ of the force gage was modiﬁed by grinding and
polishing ﬂat to provide a proper loading surface for compression testing.maintained, but was accelerated by a cam-lock released spring at
the loading end rather than by projectile impact. Because this creates
a very long pulse, it was not possible to separate the incident and re-
ﬂected pulses in the bar and measure the motion v1 using Eq. (3). In-
stead, the load cell, ﬁxed in a bracket, was assumed rigid. The motion
of the incident bar, v1, is measured directly with a line laser exten-
someter (Ramesh and Narasimhan, 1996). Similar methods of mea-
suring specimen deformation have been used by Trexlar et al.
(2011). With this arrangement, the incident bar is largely irrelevant
and is simply used as a convenient device to deliver the load to the
sample. Specimen stress and strain are still determined from Eqs. (5)
and (6). As before, a measurement of F1 is unavailable. This arrange-
ment is more akin to a drop weight test rather than a Kolsky bar, and
is ideally suited for conducting experiments at 100/s with the
L = D = 3.18, 4.76, and 6.35 mm specimens. Fig. 10(a) shows a set
of stress–strain-curves for each specimen size at 100/s, 3 experi-
ments each. In this case, the agreement between stress–strain curves
is excellent, in contrast to those shown in Fig. 5, and this observation
is strong evidence that the results are valid.
One disadvantage of this arrangement is that specimen strain-
rate cannot be controlled as well as in typical Kolsky bar experi-
ments. An example strain-rate for each specimen size is shown
in Fig. 10(b). The ﬂuctuations are obvious, but it was believed that
this would provide a superior loading proﬁle than for example a di-
rect impact experiment. The strain-rate measurements shown in
the ﬁgure is also susceptible to noise when differentiated from
the laser extensometer measurement of displacement.
3.4. Short transmitter bar
The fourth testing conﬁguration is shown in Fig. 11. It utilized
the smallest sample size (L = D = 1.59 mm) at strain-rates of 500/
s. It consists of a PMMA incident bar, 1780 mm in length and
4.8 mm in diameter. A similar impactor is used with a length of
500 mm. Again the incident bar is not used to determine F1. The
motion of the end of the incident bar in contact with the specimen,
v1, is determined using the standard analysis, Eq. (3).
Because of the small size of the specimens used in these exper-
iments, the dynamic force transducer described above was not sen-
sitive enough to measure F2. There was also a question as to
whether or not the frequency response would be adequate at these
strain-rates. A traditional transmitter bar, on the other hand was
Fig. 6. An experiment at 1000/s with an L = D = 6.35 mm specimen. The incident bar is on the left hand side. Non-uniform deformation is obvious throughout the entire
sequence. Interframe timing is 30 ls.
Fig. 7. An experiment at 1000/s with an L = D = 4.76 mm specimen. Non-uniform deformation is apparent although it is reduced in comparison to that seen in Fig. 6.
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because the semi-conductor gages that would be required could
not be installed on a bar with a sufﬁciently small diameter to mea-
sure the specimen stress.4 For this reason, a ‘‘short’’ transmitter bar4 This is due to both the gage’s physical size and their tendency to fracture during
installation on small diameter, small radius of curvature bars.coupled with a Normal Displacement Interferometer (NDI) measure-
ment of free-end displacement as shown Fig. 11 was used. The bar is
made from PMMA and is 46 mm long and 2.2 mm in diameter. To
minimize friction, this bar is supported by a single loose ﬁtting brass
bushing at its exact center. The free-end of the bar is polished ﬂat
and coated with aluminum to serve as the moving mirror in
the NDI; this instrumentation is described in more detail in
Fig. 8. An experiment at 1000/s with an L = D = 3.18 mm specimen. Deformation uniformity is much improved over that seen with the larger specimens. (Silicone oil clinging
to the specimen is especially apparent in this ﬁgure – do not confuse with specimen deformation.)
incident bar load cell 
specimenspring
Fig. 9. Apparatus used for intermediate (100/s) strain rate experiments. A line laser
extensometer (not shown) is used to measure the specimen compression.
2042 D.T. Casem et al. / International Journal of Solids and Structures 51 (2014) 2037–2046Casem et al. (2012). As discussed there, the measurement of free-end
velocity, vf, can be used to determine the force and velocity of the
end of the specimen in contact with the transmitter bar.
F2ðtÞ ¼ Atqtct2 v f
Lt
ct
þ t
 
 v f  Ltct þ t
  
ð7Þ
v2ðtÞ ¼ 12 v f
Lt
ct
þ t
 
þ v f  Ltct þ t
  
ð8Þ
Here Lt, ct, qt, and At are the length, wave speed, density, and
cross-sectional area of the transmitter bar. This solution ignores
the effects of viscoelastic wave propagation. This can be accounted
for, but because of the short length of the bar they are negligible.
These are used along with the incident bar measurements in Eqs.
(5) and (6) to determine specimen stress and strain. Note Eqs. (7)
and (8) are valid for all time; there is no need to avoid ‘‘overlap-
ping’’ reﬂections and reverberations in the transmitter bar, which
certainly occur tens of times during a given experiment. Also no-
tice the force at any time t is measured by taking the difference
in free-end velocity at two different instants, separated by the time
it takes a stress wave to travel twice the length of the transmitter
bar. This is related to the deformation of the bar, and not its rigid
body motion. The choice of the NDI as instrumentation is appropri-
ate because it is highly sensitive to the small differences in free-
end displacement that are measured during these experiments.
In this case, this measurement5 is on par with the sensitivity that5 Typically, 200 interference ‘‘fringes’’ are measured by the detector during the
relevant test duration for these experiments.would be obtained from a semi-conductor strain gage instrumented
bar with this diameter, if the previously mentioned obstacles to that
conﬁguration could be overcome.
In all, 7 specimens were tested at the target strain-rate of 500/s
in this conﬁguration. An example stress–strain curve, along with
the measured strain-rate, is shown in Fig. 12. The additional curves
are shown in Fig. 2. Because only one specimen size could be con-
veniently tested with this device, validation of this data is made
entirely with the numerical simulations presented in the next
section.
4. Numerical simulation
Simulations of the high and intermediate rate experiments
were performed with the Elastic Plastic Impact Calculations (EPIC)
code. EPIC is an explicit Lagrangian ﬁnite element code and is de-
scribed in more detail in Johnson et al. (1997). An axisymmetric
model of a generic compression test was generated and is depicted
in Fig. 13. The specimen is meshed with 800 four-node quadrilat-
erals and the upper and lower platens each with 350 four node
quadrilaterals.6 The platens are modeled as a linear elastic steel
(G = 76.9 GPa, K = 167). A master–slave node sliding interface algo-
rithm was used to model the contact surfaces (assumed frictionless).
The lower platen is ﬁxed along its bottom surface. Models for the
6.35, 3.18, and 1.59 mm specimens were created by scaling the
dimensions accordingly, and the desired loading was created by
applying the appropriate nodal velocity to the top row of nodes of
the upper platen (i.e., to create the actual applied nominal strain-
rates observed in the experiments).
These ﬁnite element models are intentionally simple. They do
not include the details of the loading ﬁxtures (pressure bars, load
cells, etc.) as we are not concerned with any of the behavior within
those ﬁxtures. Furthermore, it is clear that a great amount of6 A ﬁner mesh (four times the number of elements) was developed to study
convergence and resulted in negligible differences in the measured stress–strain
curves, and so we treat these models as converged.
(a)
(b)
Fig. 10. (a) Stress-strain curves for three different specimen sizes at 100/s. (b)
Example strain-rate for each sample size.
Fig. 11. A conventional polymer incident bar with a ‘‘short’’ transmitter bar
instrumented with an NDI. This conﬁguration increases sensitivity and avoids large
bushing frictional effects present with a long transmitter bar.
Fig. 12. An experiment at 500/s with an L = D = 1.6 mm specimen.
Fig. 13. The mesh used for the ﬁnite element simulations. Dimensions are scaled
accordingly for each specimen size. The bottom row of nodes (z = 0) is ﬁxed, and a
nodal z velocity is applied to the top.
D.T. Casem et al. / International Journal of Solids and Structures 51 (2014) 2037–2046 2043information can be obtained from the numerical simulations that is
not available in the experiments. However, our primary concern
here is to simply show that any inertial effects generated within
the samples do not have a signiﬁcant effect on the measured
stress–strain curves. We measure the forces F1 and F2 for each sim-
ulation by summing the nodal forces on the gel interface nodes
directly.7 Stress–strain curves for each ‘‘numerical experiment’’ are
then determined from these forces and the applied velocities (v1 is
known, v2 = 0) using Eqs. (5) and (6). These are then compared to
the input stress–strain response, and any differences are attributed
to non-equilibrium and non-negligible inertial effects. Although F1
was not measured in any experiment, stress–strain curves from
the simulations are given using F1 determined from the nodal forces.7 Note that because the ﬁnite element analysis lumps masses at the nodes, nodal
forces calculated as done here can contain their own inertial errors. This is dealt with
properly by further reﬁning the mesh until these effects are sufﬁciently negligible.In other words, there are two stress–strain curves calculated from
each simulation, one in which stress is calculated using F1, and an-
other in which stress is calculated using F2.
The disadvantage of this approach is that a constitutive model
must be assumed for the gel. We assume a linear elastic response
calibrated to the measured stress–strain curves shown in Fig. 2, i.e.,
a different shear modulus is used at each rate, based on a curve ﬁt
to the experimental data. These moduli, at rates of 100, 500, and
2044 D.T. Casem et al. / International Journal of Solids and Structures 51 (2014) 2037–20461000/s, are G = 48, 57, and 59 kPa. A constant bulk modulus of
K = 1.8 GPa, a value typically used for mineral oil, is assumed. This
leads to Poisson’s ratios in the range of 0.49998 to 0.49999. A sim-
ple parameter study shows that the results are not sensitive to the
choice of K over several orders of magnitude – the gel is essentially
incompressible.
Simulations were run to achieve between 25% and 35% nominal
strain in the gel. EPIC does not use a hyperelastic formulation for
linear elasticity; deviator stresses at any given time step are calcu-
lated based on current strain-rates and assume small strain defor-
mations. The result is that the input models are not linear on the
stress–strain curves at large strains. They do, however, ﬁt the
experimental data well, as will be shown below.
Fig. 14(a) shows the results from the simulation of the experi-
ments at 100/s with 3.18 mm specimens. The experimental data(a)
(b)
Fig. 14. Simulation results at 100/s using (a) 3.18 mm and (b) 6.35 mm specimens.
The constitutive behavior input to the code is shown in red and stress-strain curves
determined from the measured nodal forces (results from the numerical experi-
ments) are marked with open and closed circles (stress measured with F1 and F2,
respectively). Experimentally measured curves are shown for reference. (For
interpretation of the references to colours in this ﬁgure legend, the reader is
referred to the web version of this paper.)(dashed curves) are also shown for reference. The input behavior,
assuming G = 48 kPa, K = 1.8 GPa, is shown in red. The stress–strain
curves determined from the numerical data, F1, and F2, are marked
with open and closed circles, respectively. Fig. 14(b) repeats com-
parison for simulations and experiments at 100/s with the
6.35 mm specimens. Note all the curves are in close agreement,
demonstrating that these experiments are valid, which conﬁrms
the experimental assessment.
Fig. 15 show the comparisons for the simulations of the exper-
iments at 1000/s with 3.18 and 6.35 mm specimens, respectively.
In these cases, the results are vastly different: the results from
the numerical experiments do not accurately represent the input
stress–strain curves, and there is no agreement between stress–
strain curves measured with the different force measurements.
The situation is improved in the 3.18 mm case, but it is still inad-
equate. This is consistent with the experimental ﬁndings, and(a)
(b)
Fig. 15. Simulation results at 1000/s using (a) 3.18 mm and (b) 6.35 mm specimens.
The constitutive behavior input to the code is shown in red and stress-strain curves
determined from numerical experiment are shown with open and closed circles.
The results demonstrate an inadequate state of equilibrium. (For interpretation of
the references to colours in this ﬁgure legend, the reader is referred to the web
version of this paper.)
Fig. 16. Simulation results at 500/s using a 1.59 mm specimen (open and closed
circles). They oscillate slightly about the true solution, in red. (For interpretation of
the references to colours in this ﬁgure legend, the reader is referred to the web
version of this paper.)
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are invalid. It is also interesting that the F2 measurements from
these simulations trend with those from the experiments; the
measured stress ‘‘lags’’ the true response more with the larger
specimen than with the smaller specimen. This shows that the
simulation is capturing the inertia phenomena.
The ﬁnal numerical result to be presented is of the 500/s exper-
iment with the L = D = 1.59 mm specimen. No specimen size com-
parison was made experimentally in this case, and so validation
relies solely on these simulation results. The experimental data
from these 7 experiments are repeated in Fig. 16, along with the as-
sumed response input to the code and the numerically measured
stress–strain curves. In this case there is a noticeable deviation from
the input curve (red) but the general behavior is correct. This case is
considered valid, but is likely near the limiting strain-rate at which
this specimen size can be tested within a tolerable range of error.5. Discussion and conclusions
In this work, we have presented the compressive response of
TPE gelatin at strain-rates as high as 500/s. These data are summa-
rized in Figs. 2 and 3, and show a uniform rate hardening effect
over the entire strain-rate range investigated. High rate experi-
ments were accomplished in large part by reducing specimen size
to minimize inertial errors which can be quite substantial for low
strength materials. A primary objective was to determine the max-
imum strain-rate that can be achieved by continually decreasing
specimen size, within the assumptions implicit in the quasistatic
test. In our work, this limit appears to be approximately 500/s,
with specimen dimensions of L = D = 1.59 mm. Higher rates might
be achievable provided smaller samples could be made, or perhaps
by better controlling the nature of the loading pulse. We believe
similar conclusions could be reached with many biological tissues
provided those materials have properties similar to the material
studied here. However, it is questionable whether specimens with
these dimensions could be fabricated given their more compli-
cated, heterogeneous structure. Furthermore, we are not implying
that the chosen aspect ratio of 1 is ideal for testing these materials,
only that it was adequate in this situation.
We found numerical simulation to be invaluable in validating
the experimental data. Wave propagation codes such as EPIC areideally suited to capturing inertial phenomena present in dynamic
compression experiments, and the disadvantage in having to
assume a constitutive behavior for the sample was relatively min-
or. High speed photography, used to demonstrate non-uniform
deformation in the highest rate (and invalid) experiments was also
useful. However, it only provided qualitative evidence that the
assumptions made in the analysis were violated; we were not able
to correlate a measurement of the observed non-uniform deforma-
tion to observed errors in the measured stress–strain curves. This is
a subtle but important point. Simply observing non-uniform defor-
mation is not sufﬁcient to imply an invalid experiment, what mat-
ters is whether or not the deformation is adequately uniform that
the measured mechanical response approximates the true material
behavior to within some acceptable error.
We were not able to experimentally establish specimen equilib-
rium in these experiments. This is unfortunate because this is a
necessary, although not sufﬁcient, requirement for valid testing.
The use of quartz gages (Chen et al., 2000) is probably the best ap-
proach to measure incident bar force in these types of experiments.
Future work may revisit this measurement. Similarly, extensive
pulse shaping was not attempted. This can improve specimen
behavior, although it can also have a misleading effect in giving
the appearance of an improved state of equilibrium when in reality
it is primarily reducing inertial and/or dispersion errors in an inci-
dent bar measurement of F1, and only a minimal effect on the spec-
imen behavior. That the relatively non-smooth loading seen in the
100/s experiments (Fig. 10b) still resulted in valid data is interest-
ing in this regard as it is not clear that a smoother loading proﬁle
would have appreciably improved the quality of the data. Future
work could include a critical assessment of this situation.
Finally, we note that other aspects of the mechanical behavior
of gel and biological tissues need to be investigated. Low-rate
methods are currently being developed for tension, fracture, and
shear (Moy et al., 2008; Moy et al., 2009; Moy et al., 2010; Foster
et al., 2012), and it is suggested that higher rate experiments could
be achieved using the approaches here – minimizing specimen
dimensions to the extent possible coupled with a numerical assess-
ment of inertial effects.
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